The brain renin-angiotensin system (bRAS) is involved in the control of hydromineral balance. However, little information is available on the functional regulation of the bRAS as a consequence of sodium deficit in the extracellular fluid compartments. We used a pharmacological model of acute Na + depletion (furosemide injections) to investigate changes of a major component of the bRAS, the hypothalamic angiotensin type 1A (AT 1A ) receptors. Furosemide induced a rapid and long-lasting expression of the AT 1A mRNA in the subfornical organ, the median preoptic nucleus (MnPO), and the parvocellular division of the paraventricular nucleus (pPVN). Na + depletion increased the number of cells expressing AT 1A mRNA in the pPVN, but not in the MnPO. The enhancement of AT 1A mRNA expression was associated with an increase in AT 1 binding sites in all the regions studied. It is of interest that in the paraventricular nucleus, the majority of the neurons expressing AT 1A mRNA also showed an increase in metabolic activity (Fos-related antigen immunoreactivity [FRA-ir]). By contrast, in the MnPO, we observe two distinct cell populations. Our data demonstrated that an acute Na + deficit induced a functional regulation of the hypothalamic AT 1A receptors, indicating that these receptors are subject to plasticity in response to hydromineral perturbations.
S odium ions (Na + ) are essential for normal physiological functions. A deficit in Na + within the body fluid compartments (plasma, cerebrospinal fluid, and interstitial space) creates a need state to which animals will respond by a motivated ingestion of Na + , known as salt appetite. Experimental manipulations that lead to depletion of sodium in the extracellular fluid compartments have greatly advanced our understanding in the structures and mechanisms associated with the motivation to ingest water and Na + . Among them, reseachers have shown that experimental hypovolemic treatments (e.g., administration of diuretics such as furosemide) reliably stimulate both thirst and salt appetite (1) (2) (3) . The use of this experimental model demonstrates that sensory information about hyponatremia is sent to the central nervous system via a neural and a humoral pathway. In particular, research shows that furosemide treatment activates afferent renal nerve activity (4) and produces neuronal activation in the thoracic spinal cord and in the nucleus of the solitary tract (5) . The humoral pathway signaling for a perturbation of fluid homeostasis has been widely studied. It appears that Na + depletion stimulates the renal production of renin and subsequent activation of the peripheral (endocrine) renin-angiotensin system (RAS) (6-8) (also, see ref. 9 for a review). Although researchers have shown that the brain renin-angiotensin system (bRAS) contributes to Na + intake (10, 11) , it is generally recognized that both peripheral and central systems act in synergy to generate thirst and salt appetite (12) .
The interconnected structures of the lamina terminalis (LT)--the organum vasculosum (OVLT), the ventral part of the median preoptic nucleus (vMnPO), and the subfornical organ (SFO)--play a key role in the integration of sensory humoral information (13) and particularly in furosemideinduced perturbation of fluid and electrolyte balance. Indeed, lesions in the anteroventral third ventricle region (AV3V), including the OVLT and the vMnPO, reduced salt intake created by furosemide treatment (14) . Similarly, ablation of the SFO blocks furosemide-induced Na + intake (15, 16) . In addition, functional anatomy studies demonstrate the importance of these structures in the process of integration of sensory information. Furosemide treatment increased the number of cells immunoreactive for Fos, a marker of neuronal activity, in LT (6, 17, 18) . This increase in metabolic activity did not depend on renal innervation (5) , emphasizing the complex neuronal network activated by the humoral pathway. Furthermore, angiotensin II (AngII) injected at the periphery (19) (20) (21) or directly within brain ventricles (21) (22) (23) ) also triggered an increase in neuronal activity in the LT.
The overwhelming data demonstrating the primary role of both AngII and LT in the generation of sodium appetite did not, however, give functional information about a major central effector of the RAS (namely, the brain angiotensin type 1 [AT 1 ] receptors). Because AT 1 receptors that subserve the previously mentioned actions of the endocrine and cerebral RAS were expressed in neuronal populations throughout the LT and within the hypothalamic paraventricular nucleus (PVN), an integrative center for endocrine and autonomic responses (24, 25) , we hypothesized that furosemide-induced Na + depletion and the subsequent increased production of angiotensin peptides are accompanied by a regulation of the expression of AT 1 receptors in the LT and in the PVN. In addition, we investigated whether neuronal populations of the LT that displayed an increased metabolic activity in response to furosemide-induced Na + depletion are those that express AT 1 receptors. This study of functional anatomy performed with various techniques (i.e., in situ hybridization, autoradiographic binding of AT 1 receptor ligand, and immunohistochemistry) highlights the fact that the bRAS is capable of plasticity (regulation of the expression of AT 1 receptors) to adequately manage perturbations of hydromineral balance.
MATERIALS AND METHODS

Animals
We obtained adult male Wistar rats (250-300 g) from Charles River Canada (St-Constant, Québec, Canada) 1 wk before experimentation. The animals were housed singly in wire cages and acclimated to standard laboratory conditions (a cycle of 14 h of light and 10 h of dark at a temperature of 23ºC). The animals had free access to tap water, a Na + -containing solution (0.3 M NaCl), and regular rat chow (0.3% NaCl; Harlan, Madison, WI). The experimental procedure was performed according to the guidelines of the Canadian Council on Animal Care and approved by the institutional animal care committee.
Induction of furosemide-induced sodium appetite
The animals were weighed before drug injections, individually placed in metabolic cages, and randomly assigned either to the control or to the experimental group. The experimental group of rats was injected with the natriuretic agent, furosemide (10 mg/kg body weight; Sabex, Boucherville, Québec, Canada). Furosemide treatment consisted of two s.c. injections separated by 2 h. In the control group of rats, furosemide was substituted by saline (0.9% NaCl s.c. injections). Two hours after the second injection, animals were either placed in their cages for evaluation of furosemide-induced sodium appetite or sacrificed for in situ hybridization and immunohistochemistry purposes. This experimental protocol (sacrifice 4 h after the beginning of the furosemide treatment) is similar to the one previously used by groups studying salt appetite (5, 26, 27) . It also corresponds to the peak of expression of angiotensin type 1A (AT 1A ) receptor mRNA in the brain that follows acute stress (28) .
The animals of the two groups had no access to tap water or food during the 4 h of the experimental protocol. In one set of experiments designed to evaluate the desensitization capacity of the AT 1A receptor, furosemide treatment was followed by a low-Na + diet (0.05% NaCl; Harlan Teklad #94267). To avoid neophobia, we fed this diet to rats concomitantly with a normal diet, 24 h before starting Na + depletion.
Rats from the two groups were randomly assigned for measurement of cardiovascular parameters monitored for the duration of the treatment (4 h). These measurements aimed to verify that the expected cerebral changes (Fos-related antigen immunoreactivity [FRA-ir] and AT 1A mRNA expression) were not due to cardiovascular adjustments. We directly measured the mean arterial pressure through the canulated femoral artery in awake, freely moving animals, as previously described (29) .
Evaluation of furosemide-induced Na + appetite
At the end of the experimental protocol, we returned the two groups of animals to their home cages where they had free access to tap water and Na + -containing solution (0.3 M NaCl). To evaluate the salt appetite generated by furosemide injections, we compared the amount of salty solution (0.3 M NaCl) drunk by the two groups of animals during a test period of 30 min. We similarly evaluated the salt appetite induced by prolonged Na + depletion. However, the animals had access to only tap water and a low-Na + diet (0.05% NaCl) for the 20 h that followed furosemide treatment. The control group of rats received regular chow (0.3% NaCl) for the same period of time.
In situ hybridization histochemistry (ISHH) and immunohistochemistry protocols
Animals used for ISHH and immunohistochemistry techniques were deeply anesthetized (with a solution of 80 mg/kg ketamine and 10 mg/kg xylazine, administered i.p.) and killed by a transcardiac perfusion of cold saline (4°C), immediately followed by a fixative solution (4% paraformaldehyde, 4°C). The brains were quickly removed, postfixed, and immersed in a sucrose solution (20%) diluted in 4% paraformaldehyde for 18 h at 4°C. Frozen brains were mounted on a microtome and sliced in 30-µm coronal sections that were collected in a cryoprotectant solution and then stored at -20°C.
We performed the immunohistochemistry first, in RNAse-free conditions, followed by ISHH. In brief, we washed sections in sterile potassium-buffered saline (PBS) and incubated them at 4°C with primary antibody (rabbit anti-FRA 1:10000, K-25, Santa Cruz Biotechnology, Santa Cruz, CA) mixed in sterile PBS, Triton X-100, heparin, and bovine serum albumin. Approximately 18 h after incubation with the primary antibody, we rinsed the brain sections in sterile PBS and incubated them with a mixture of PBS/heparin/biotinylated secondary antibody (goat anti-rabbit IgG at 1:1500 dilution, Vector Laboratories, Burlington, CA) for 60 min. We then rinsed the sections with PBS and incubated them at room temperature for 60 min with avidin-biotinperoxidase complex (Elite, Vector Laboratories). After rinsing the brain sections several times in sterile PBS, we reacted them in a mixture of sterile PBS, chromagen 3,3'-diaminobenzidine tetrahydrochloride (0.05%), and hydrogen peroxide (0.003%). Thereafter, we rinsed the tissues in sterile PBS, mounted them onto poly-L-lysine-coated slides, desiccated them under vacuum overnight, fixed them in 4% paraformaldehyde for 30 min, and used proteinase K at 37°C to digest them.
We performed rehybridization, hybridization, and posthybridization steps as described previously (28) . In brief, we synthesized radioisotope-labeled antisense cRNA copies by incubating 250 ng of linearized plasmid in 5× transcription buffer (6mM MgCl 2 ; 30-40 mM Tris, pH 7.9; 10 mM NaCl), 10 mM dithiothreitol, 0.2 mM ATP/GTP/CTP, 200 µCi {α- 35 S}UTP, 40 U RNasin, and 20 U SP6 (AT 1A mRNA) RNA polymerase for 60 min at 37°C. We purified the RNA radioprobe with mini-Quick-spin RNA columns (Roche Diagnostics, Laval, QC). We mixed a concentration of 10 7 cpm probe into 1 ml of hybridization solution (518 µl formamide, 62 µl of 5 M NaCl, 10 µl of 1 M Tris, pH 8.0, 2 µl of 0.5 M EDTA, pH 8.0, 20 µl of 50× Denhart's solution, 207 µl of 50% dextran sulfate, 50 µl 10 mg/ml transfer RNA, 10 µl of 1 M dithiothreitol, 118 µl diethyl pyrocarbonate water minus volume of probe used) and heated this solution for 5 min at 65°C before applying it to slides. We also prepared radioisotope-labeled sense (control) cRNA copies to verify the specificity of AT 1A probe. Hybridization with these probes revealed no signal in the rat brain. AT 1A probe (from Dr. Christian Deschepper, IRCM, Montréal, Québec) was synthesized from the Sal 1/Bam H1 fragment of rat adrenal cDNA library, subcloned into pSPORT 1, and linearized with Sal I (antisense) or Bam H1 (sense).
The autoradiography-binding protocol
We performed the autoradiography-binding study on rats killed by decapitation. The animals were previously deeply anaesthetized by CO 2 inhalation. Brain tissue was serially sliced (12 µM) at -20°C using a cryostat and thaw-mounted on X-Tra micro-slides (Surgipath, Richmond, IL). The tissue sections were stored at -80°C until use (no more than 2 wk). Before assay, sections were brought to room temperature and air-dried. Slides were transferred to a metal rack and preincubated for 15 min in a buffer containing 10 mM sodium phosphate (pH 7.4), 120 mM NaCl, 5 mM MgCl 2 , 1 mM EGTA (Sigma, Oakville, ON), 0.3 mM Bacitracin (Sigma), and 2 mM bovine serum albumin (Sigma). Slides were dried again, transferred flat in a homemade humidified chamber, and incubated for 3 h in fresh identical buffer containing 0. We spread 1 ml of either buffer on each slide. After incubation, AT 1 receptor ligand was dripped off and slides were rinsed four times (for 3 min each) with icecold 50 mM Tris-HCl (pH 7.4) and then dipped in ice-cold water. Slides were dried again before being exposed to Hyperfilm B-Max (Kodak, Rochester, NY) films for 36 h. We used D-19 developer (Kodak) and Rapid Fixer (Kodak) to manually process the films and then washed the films with water for 5 min.
Quantitative analysis
We used the Swanson atlas (30) to identify brain structures of interest. For each animal, MnPO (section corresponding to levels [18] [19] , SFO (section corresponding to levels 22-23), OVLT (section corresponding to level 17), and PVN (section corresponding to level 26, mid-PVH) were examined under bright field and dark field microscopy to reveal FRA-ir perikarya and to distinguish AT 1A -expressing cell bodies, respectively. For comparison purposes, sections obtained from experimental and control animals were matched for rostro-caudal level. Brain sections were observed under 400× magnification, and a scaled eyepiece (1 × 1 cm grid square) was used to delineate the area and isolate the individual cells to count. We counted FRA-ir cell bodies, AT 1A mRNA-containing perikarya, and double-labeled cells. Under bright field illumination, the brown precipitate of the FRA immunoreaction was clearly distinguishable against the black silver grains of the labeled AT 1A mRNA. Double-labeled cells contained both the brown immunoperoxidase reaction product and the silver grain hybridization reaction product, indicating metabolically activated AT 1A -containing perikarya.
Blind quantitative analysis of hybridization signal for the AT 1A mRNA signal was performed on X-ray film (Kodak). Transmittance values of the hybridization signal were measured using a Northern Light Desktop Illuminator (Imaging Research, ON, Canada) with a Micro-Nikkor 60-mm-mounted Sony Camera coupled to a Power MacIntosh 8600/300. The signal was analyzed with National Institutes of Health (NIH) image software, version 1.61 (W. Rasband, NIH, Bethesda, MD). Densitometric analysis, yielding measures of optical density (µCi/g), was performed according to the Rodbard four parameters curve fit function.
Statistical analysis
We used a parametric statistical test (one-way ANOVA) to analyze data related to fluid intake and blood pressure measurement. When appropriate, we made post hoc comparisons by using Fisher's PLSD test, and statistical significance was always determined at P < 0.05.
Results expressed as percentages and number of cells expressing the AT 1A mRNA and FRA were considered to be nonparametric data. They were analyzed by using the Mann-Whitney U test. Statistical significance was determined at P < 0.05.
RESULTS
Evaluation of furosemide-induced Na + appetite
In this study, we sought to understand the changes in bRAS triggered by Na + depletion. Na + depletion was induced by furosemide injections (see Materials and Methods). One set of animals was used to evaluate the alterations of some physiological parameters induced by furosemide treatment and, thus, to validate the furosemide model of salt appetite in our experimental conditions. As expected, furosemide treatment increased urinary excretion measured at the end of the treatment ( Table 1) . Consumption of tap water and Na + -containing solution (0.3 M NaCl) was simultaneously assessed during the 30 min that immediately followed the end of the furosemide treatment (4 h). The results indicated that intake of the two fluids was significantly enhanced by treatment (P<0.01; Table 1 ). Because we challenged the desensitization capacity of AT 1A receptors toward a prolonged Na + depletion (24 h), we evaluated Na + intake after furosemide treatment followed by a low-Na + diet (0.05% NaCl), for 20 h. Results showed that consumption of Na + -containing solution was higher for rats that underwent the prolonged Na + depletion, compared with rats that received saline injections followed by a regular Na + diet (P<0.01; Table 1 ). Furthermore, we constantly monitored variations of arterial pressure in vehicle-and furosemide-treated animals. The results indicated that furosemide treatment did not induce transient or prolonged variations in mean arterial pressure during the 4 h of the experiment (P>0.05, Table 2 ).
Furosemide injections induced salt appetite without producing any change of arterial pressure under our experimental conditions. These results validate furosemide treatment as a model to study plasticity of the brain AT 1 receptor in response to acute Na + depletion.
Acute Na + depletion increased the expression of AT 1A receptors in the LT and in the hypothalamic PVN To examine whether the observed behavioral responses might be related to functional alterations of bRAS, we focused on the expression of AT 1A receptors located in hypothalamic regions involved in thirst and salt appetite (LT and PVN). We investigated whether furosemide-induced acute Na + depletion was able to modify the turnover of AT 1A mRNA. Semiquantitative analysis of optical density revealed that basal level of AT 1A mRNA was relatively high in the SFO (0.94±0.07 µCi/g, n=7) and in the rostral ventral part of the third ventricle (OVLT: 0.89±0.1 µCi/g, n=5). Conversely, the constitutive expression of AT 1A mRNA was weaker in the median structure of the LT (MnPO: 0.45±0.02 µCi/g, n=7) and in the PVN (0.3±0.05 µCi/g, n=9). The furosemide treatment increased the expression of AT 1A mRNA in all the regions of interest, except for the OVLT (Table 3 , 4 h). Densitometric analysis of AT 1A mRNA showed a marked increase in both the ventral and dorsal divisions of the MnPO and in the parvocellular division of the paraventricular nucleus (pPVN) and showed a moderate increase in the SFO (Fig. 1, left  panels) .
We assessed the AT 1 receptor population by using radiolabeled AT 1 (Table 4 ; Fig. 1 , right panels).
The increase in AT 1 receptor population might be a rapid but transient effect involved in the initiation of salt appetite. Thus, the effect of prolonged Na + depletion (furosemide treatment associated with low-Na + diet for 20 h) was tested on the expression of AT 1A mRNA in the same brain regions. The data showed that prolonged Na + depletion induced a sustained enhancement of AT 1A mRNA (Table 3 , 24 h). The results of densitometric analysis showed that the expression of AT 1A mRNA was maintained at a moderate level in the SFO ( Fig. 2A) and at a high level in the MnPO (Fig. 2B ) and in the PVN (Fig. 2C) . The prolonged Na + depletion did not induce any change of AT 1A mRNA in the OVLT.
This set of experiments clearly demonstrates that Na + depletion induced an increase in the expression of AT 1A mRNA in central regions that have been reported to be involved in the control of hydromineral balance. Furthermore, the up-regulation of AT 1A mRNA was not sensitive to strong post-transcriptional degradation, allowing an up-regulation of AT 1 receptors in the same hypothalamic structures.
FRA-ir, AT 1A receptor mRNA, and Na + depletion
The experiments carried out with the ISHH technique and binding revealed that the expression of central AT 1A receptors was regulated by hyponatremia. However, these techniques did not give information about the neuronal circuitry stimulated by Na + depletion. In the second part of this study, we combined the ISHH technique with immunohistochemistry to examine the neuronal populations activated by Na + depletion and those expressing up-regulation of AT 1A receptors.
Using an antibody directed against FRA proteins, we determined the number of FRA immunoreactive cells after saline and furosemide injections. As illustrated in Figures 3A and 3C , Na + depletion stimulated the metabolic activity of a neuronal subpopulation within the MnPO (total MnPO: P=0.03; saline, n=5; furosemide, n=7). Although AT 1A mRNA was constitutively expressed in a subpopulation of neurons located in the ventral and dorsal parts of the MnPO, the number of cells expressing AT 1A mRNA was not significantly increased after furosemide treatment (Fig. 3A, 3B) . These experiments, which we carried out with a double-staining protocol (AT 1A mRNA + FRA-ir), indicated that cells expressing AT 1A mRNA and those activated by Na + depletion belong to two distinct neuronal subpopulations of the MnPO (Fig. 3A,  3D) .
A detailed analysis of the staining pattern revealed that few cells expressing AT 1A mRNA were observed in the pPVN (Fig. 4A ) under basal conditions (e.g., after injections of saline). In contrast to what we observed in the MnPO, furosemide-induced Na + depletion dramatically increased the number of cells that expressed AT 1A mRNA in the PVN (P=0.03; saline, n=5; furosemide, n=6; Fig. 4A, 4B ). The number of cells immunopositive to FRA also increased (P=0.006; saline, n=5; furosemide, n=6; Fig. 4A, 4C ). This double-staining protocol (AT 1A mRNA and FRA-ir) indicated that the number of double-stained cells in the pPVN also greatly increased after furosemide treatment (P=0.03; Fig. 4A, 4D) . The magnocellular division of PVN (mPVN) was free of cells expressing AT 1A mRNA and Na + depletion did not stimulate the production of AT 1A mRNA by neurosecretory cells located in the mPVN (data not shown).
DISCUSSION
The LT (OVLT, SFO, and MnPO), the PVN, and AngII contribute to behavioral responses correcting for perturbation of fluid and electrolyte homeostasis (see refs. 12 and 31 for reviews). Because the OVLT, SFO, and MnPO also express angiotensin receptors (25) , especially the AT 1A subtype (24), we hypothesized that furosemide-induced Na + depletion will modulate the expression of hypothalamic AT 1A receptors. Thus, regulation of the expression of brain AT 1A receptors in LT might represent an important cellular mechanism of central adaptation in response to acute changes in hydromineral balance.
Na
+ depletion and up-regulation of the brain AT 1A receptors
One major finding of our study was the up-regulation of AT 1A mRNA within the LT and pPVN in response to acute Na + deficit in the extracellular fluid compartment. This change in AT 1A mRNA expression was prominent in the MnPO and pPVN, moderate in the SFO, and apparently absent in the OVLT. The increased expression of AT 1A mRNA was maximal 4 h after the beginning of Na + depletion, indicating that cellular changes were quickly initiated after the perturbation of the hydromineral balance. Furthermore, the up-regulation process was apparently a long-lasting mechanism, because the turnover of AT 1A mRNA remained at a high level after a relatively long period of Na + deficit (furosemide treatment combined with a low-Na + diet for 20 h). This suggests that the expression of AT 1A mRNA is maintained at a high rate, as long as no correction is made for the perturbation, at least for the timeframe we investigated (4 and 24 h). Moreover, our study indicates that the increase in expression of AT 1A mRNA observed in the LT and hypothalamus was followed by functional post-transcription of the enhanced mRNA production. Indeed, results obtained with autoradiographic binding assays demonstrated that furosemide-induced deficit in extracellular Na + was also correlated with a parallel change of the AT 1 binding sites in the same brain structures, indicating an up-regulation of transmembrane proteins (AT 1 receptors).
Although we cannot completely rule out that autoradiographic binding data might represent changes in the affinity of the AT1 receptors, we strongly believe that our results more likely reflect an increase in the number of receptors rather than a change in the AT1 receptor affinity. First, the increase in AT 1 binding sites was not concomitant, but it did follow the enhancement of AT 1A receptor mRNA, suggesting a translation of the mRNA into proteins. In effect, a time course for evaluating the translation of AT 1A mRNA into protein was done on a few rats (data not shown). These pilot data showed that the level of optical density was significantly higher compared with the control (animals killed at the termination of the protocol, that is, 4 h after the onset of the protocol) only 8 h after the beginning of the injections. This increase was more pronounced after 12 h, the time we used in our study. This time course experiment favors the fact that the increase in optical density reflects an increase in the number of receptors. Indeed, if Kd for AT 1 receptors (affinity) was changed after Na + depletion (in vivo), the increase in optical density would have been maximal and stable from the end of the experimental protocol. This is obviously not the case. Second, previous studies that investigated changes in affinity for radioligands according to the presence or the absence of NaCl in the buffer showed that the absence of NaCl in the buffer generally decreased the affinity of the angiotensin receptor for the ligand (32) . Thus, we can reasonably assume that the affinity of the AT 1 receptor would have been decreased in animals that were Na + depleted. Therefore, our results indicate that acute Na + deficit enhanced AT 1 receptor production by up-regulating the AT 1A receptor mRNA in the LT and pPVN.
Previous studies show that AT 1A mRNA expressed at the periphery could be modulated by dietary Na + changes. Na + deficiency is associated with enhanced plasma renin level (33, 34) and reciprocal changes in the expression of peripheral AT 1A receptor mRNA (35) (36) (37) (38) . These results and ours suggest that peripheral and central AT 1A gene receptor could be differentially regulated (down-regulation vs. up-regulation of AT 1A mRNA, respectively). At least two parameters might account for the apparent discrepancy between peripheral and central AT 1 mRNA expression in response to Na + deficit. Either the nature of Na + depletion (chronic vs. acute) differentially influence the expression of AT 1A receptor mRNA, likely via dynamic changes in plasma renin, corticosteroids, and Na + concentration, or the regulation of AT 1A mRNA induced by Na + depletion is organ specific (brain vs. periphery). In the brain, the situation is not clear. A highNa + diet increased the expression of AT 1 receptors (39) and a low-Na + regimen up-regulated the AT 1B , but not the AT 1A , receptor mRNA (40) . However, these reports should be interpreted with caution because data were obtained from total RNA extracted and amplified from homogenized brains. The observed variations in AT 1 receptor expression were, thus, not specific to brain regions relevant to the control of hydromineral balance. Our results were obtained with the ISHH technique, which allows for high cellular resolution. This provides a clear identification of cells activated by Na + depletion and those expressing AT 1 receptors within identified forebrain structures. We demonstrated that acute Na + deficit up-regulated both the AT 1A mRNA and protein in distinct brain areas (i.e., LT and PVN), contributing to fluid homeostasis.
The expression of new AT 1 receptors throughout the neuronal populations of the MnPO and PVN reveal the existence of two different cellular mechanisms that are not exclusive: Either Na + deficit increased the turnover of constitutive brain AT 1 receptors within distinct neuronal subpopulations or Na + deficit switched on AT 1 receptor gene expression in neurons that did not express (or expressed at a very low level) AT 1 receptors under basal conditions. In the MnPO, the number of cells that expressed AT 1A receptor mRNA was stable before and after the furosemide-induced Na + depletion, suggesting a higher expression of constitutive AT 1 receptors. This indicates that basal expression of the AT 1A receptor gene was enhanced in a neuronal population of the MnPO that expressed AT 1A receptors under no perturbation of fluid and electrolyte homeostasis. In contrast, in the pPVN, our results demonstrate that the number of cells that expressed AT 1A mRNA was significantly increased in Na + -depleted animals. However, we could not rule out the possibility that constitutive expression of AT 1A mRNA within the pPVN was also enhanced in some neurons.
Furosemide treatment (4 h) increased the expression of AT 1A receptors in the LT and pPVN. This enhanced AT 1A receptor gene expression might be related to furosemide-induced hypovolemia, and, as a consequence, it may be related to the subsequent cellular mechanisms leading to hypovolemic thirst. However, this hypothesis seems unlikely. Indeed, in some experiments, animals had access to tap water immediately after the end of the furosemide treatment but were fed a low-Na + diet for 20 h before sacrifice. Under these experimental conditions, expression of AT 1A mRNA was still high in all the structures that showed an upregulation of these mRNAs after acute Na + depletion. This result indicates that water replenishment did not abolish, or reduce, the overexpression of the AT 1A receptor gene, at least in the forebrain areas, emphasizing the involvement of this cellular mechanism in the process of body Na + balance.
Physiologically, up-regulation of AT 1A receptors might contribute to salt appetite induced by Na + deficit. It is thought that Na + depletion increases levels of circulating AngII, which, in turn, stimulates salt appetite, probably by acting first on circumventricular organs (CVOs). Although it may be logical to expect that the SFO is essential in the initiation of salt appetite, the role of this particular CVO in mediating salt appetite per se remains controversial (15, 16, 41, 42) . Our results showed that furosemide treatment moderately enhanced the turnover of the AT 1A receptor gene in the SFO, but apparently not in the OVLT, even after prolonged Na + depletion. These data imply that up-regulation of the AT 1 receptor located within the SFO belongs to the mechanisms leading to the behavioral response. Our results did not, however, exclude the participation of the OVLT in the process of Na + intake, but rather suggest this happens via mechanisms other than up-regulation of the AT 1A receptor gene. In the MnPO and PVN, AT 1A receptor up-regulation must occur after the stimulation of CVOs by blood-borne AngII. Indeed, AngII, synthesized within the CVOs (see ref. 43 for a review), does act as a neuromodulator on both MnPO and PVN neurons to increase their excitability (44) (45) (46) . Activation of these cells, as well as up-regulation of AT 1A receptors, might be relevant for endocrine responses involved in Na + intake such as synergistic action of mineralocorticoids (47, 48) or regulation of peptide release from magnocellular neuroendocrine cells (49) . It has been recently demonstrated that PVN cells expressing AT 1 receptors send efferents mainly to the median eminence (50) , thus the excitatory action of AngII might enhance production and release of cortico-releasing factor (CRF) within the bloodstream .
Na + depletion and metabolic activation of neurons within the LT
The experiments combining the ISHH technique with immunocytochemistry (ICC) were performed to localize cell populations that expressed AT 1A receptors and those that were stimulated by acute Na + depletion. ICC data confirmed that furosemide treatment increased the metabolism of neurons located in the pPVN and in the MnPO, indicating that neurons located in the mid-LT likely were stimulated during acute Na + depletion (6, 17, 18, 51) . Furthermore, data obtained with the double-staining protocol (AT 1A mRNA and FRA-ir) give additional information about the cellular mechanisms that underlie acute Na + depletion. Our results clearly demonstrate the presence of a distinct functional organization within each integrative structure (MnPO and pPVN) involved with fluid and electrolyte homeostasis. In the MnPO, we rarely observed double-stained cells after Na + depletion, whereas the number of these neurons was significantly enhanced in the pPVH. The weak number of double-labeled cells in the MnPO suggests that the presence of at least two populations of neurons recruited in response to acute Na + depletion: a population of neurons displaying up-regulation of constitutive AT 1A receptors, but without expressing the FRA protein, and a metabolically activated group of neurons (FRA-ir neurons), which do not express AT 1A receptors. Although the physiological significance of the existence of these two subpopulations of neurons within the MnPO has to be determined, it is possible that these populations might indicate the existence of two distinct pathways that would be activated in response to acute Na + depletion: an angiotensinergic pathway materialized by SFO projections (52) and relevant to the up-regulation of AT 1A receptors, and a metabolically activated group of neurons (FRA-ir neurons) that likely are activated by synaptic inputs, because MnPO is richly interconnected with other hypothalamic and brainstem structures involved in hydromineral balance (see ref. 53 for a review) .
In the pPVN, the situation is very different. Results obtained with the double-staining protocol indicate that acute Na + depletion increased the population of neurons expressing the AT 1A receptor gene. Because almost all the parvocellular neurons expressing AT 1A mRNA were also FRA-immunopositive, one could reasonably postulate that FRA protein might arise from the intracellular cascade following the binding of AngII on the newly synthesized AT 1A receptors. This putative excitatory role of AngII on parvocellular neurons is in agreement with previous studies reporting that AngII modulates the activity of CRF neurons directly through activation of AT 1A receptors in PVN-CRH perikarya (54) . Specifically, central administration of AngII dramatically increased the expression of CRH mRNA within the PVN (55) , suggesting that release of AngII within this structure is responsible for the elevated level of CRH mRNA observed after systemic stress (54) . Data exist that clearly support an angiotensinergic projection from SFO to the PVN (56, 57) . It is, thus, very likely that activation of this pathway by Na + depletion (furosemide treatment) leads to an increased number of PVN neurons expressing AT 1A receptors and to an up-regulation of constitutive AT 1A receptors. Therefore, the angiotensinergic SFO-PVN projection may transmit sensory information to neuroendocrine and autonomic control centers in the hypothalamus.
Although we observed an increase in the expression of AT 1 receptors in the SFO, it would have been interesting to know whether the cells showing an enhanced production of AT 1 receptors were also activated by a Na + deficit. Unfortunately, we did not obtain specific staining for FRA protein in the SFO, and this physiological aspect of the SFO remains to be determined. AT 1 receptors have been shown to participate in cardiovascular homeostasis. It may be speculated that FRA induction, as well as the altered expression of AT 1A receptors in LT and PVN, might result from changes in arterial pressure as a result of furosemide-induced hypovolemia. However, this hypothesis can be excluded, based on the fact that on-line monitoring of mean arterial pressure on freely moving rats did not show significant variations of mean arterial pressure (MAP) during the 4 h of furosemide treatment. These results confirm that furosemide is not associated with changes in MAP (4) and that up-regulation of forebrain AT 1A receptors was not secondary to changes in cardiovascular parameters. Furosemide treatment was associated with hypovolemia, which has been shown to increase Fos labeling within PVN (58, 59) and MnPO (60) . These findings might explain the metabolic activation of neurons within LT and pPVN that was observed after furosemide treatment. Although this possibility cannot be entirely excluded, it is unlikely. First, an increase in Fos labeling in the PVN was not obvious when hypovolemia was not accompanied by hypotension (59) . Second, traumatic hypovolemia (partial occlusion of the vena cava) producing Fos labeling in the MnPO also produced a marked hypotension (60).
In conclusion, modulation of the expression of central AT 1 receptors might represent an important cellular mechanism involved in corrections for hydromineral imbalance, probably via appropriate endocrine and autonomic responses. This functional adaptation of brain receptors might also be recruited in response to more dramatic environmental changes, such as a prolonged systemic stressor (low-or high-Na + diet). It is, thus, tempting to speculate that dysfunction or deregulation of the AT 1A gene expression might also be relevant to pathophysiological syndromes such as salt-induced hypertension. 0.5 ± 0.7 n = 16 5.2 ± 0.2 n = 18 Water intake after furosemide (4 h) (ml/30 min/100 g body weight)
3.2 ± 0.4 n = 7 Sodium intake after furosemide (4 h) (ml/30 min/100 g body weight)
3.2 ± 0.6 n = 6 6 ± 0.5 n = 7 Sodium intake after furosemide plus a lowsodium diet (24 h) (ml/30 min/100 g body weight)
7.6 ± 1.1 n = 6 13.9 ± 1.1 n = 6 a The animals that received furosemide injections excreted more urine compared with those that received saline injections. The diuretic effect was compensated by an increased consumption of tap water, measured 30 min after the end of the treatment. Similarly, sodium depletion was counterbalanced by an enhanced intake of 0.3 M NaCl solution, measured 30 min after the end of the treatment. When furosemide treatment (4 h) was accompanied by a free-sodium diet for 20 h, the subsequent salt appetite was illustrated by an enhanced sodium intake (0.3 M NaCl solution), measured 30 min after the end of the sodium depletion (24 h). a Levels of AT 1A mRNA in the subfornical organ (SFO), median preoptic nucleus (MnPO), organum vasculosum (OVLT), and paraventricular nucleus (PVN) after acute and prolonged sodium depletion. Animals were killed immediately after furosemide treatment (4 h) or 24 h after sodium depletion (furosemide treatment combined with a low-sodium diet for 20 h). Levels of AT 1A mRNA are set to 100% for each saline-treated group, and data are expressed as the mean percentage of signal (relative optical density above background; see Materials and Methods for details) ± SE with respect to the saline group. Statistical analysis was performed with a Mann-Whitney U test. prolonged sodium depletion. Representative coronal sections of these brain structures illustrate the distribution of mRNA encoding for the AT 1A receptors (3V, third ventricle; LV, lateral ventricles).The increase in optical density is represented by the colors shown (blue < green < yellow). A long-lasting hyponatremia (furosemide injections combined with a low-sodium diet; 0.03% NaCl) induced a prolonged increase in the expression of AT 1A mRNA within the SFO, compared with control conditions (saline injections combined with a regular-sodium diet; 0.3% NaCl) (A). Similarly, long-lasting sodium depletion increased the expression of AT 1A mRNA in both the MnPO (B) and the PVN (C). MannWhitney U test, *P < 0.05 compared with saline. 
